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ABSTRACT: Spectroscopic analysis of large biomolecules is
critical in a number of applications, including medical
diagnostics and label-free biosensing. Recently, it has been
shown that the Raman spectroscopy of proteins can be used to
diagnose several diseases, including a few types of cancer. The
development of the assays based on surface enhanced Raman
spectroscopy (SERS), which are suitable for large biomole-
cules, could lead to a substantial decrease in the amount of
specimen necessary for these experiments. We present a new
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method to achieve high local field enhancement in SERS, through the simultaneous adjustment of the lattice plasmons and
localized surface plasmon polaritons, in a periodic bilayer nanoantenna array resulting in a high enhancement factor over the
sensing area, with relatively high uniformity. The proposed plasmonic nanostructure is comprised of two interacting nanoantenna
layers, providing a sharp band-edge lattice plasmon mode and a wide-band localized surface plasmon for the separate
enhancement of the pump and emitted Raman signals. We demonstrate the application of the proposed nanostructure for the
spectral analysis of large biomolecules by binding a protein (streptavidin) selectively on the hot spots between the two stacked
layers, using a low concentration solution (100 nM), and we successfully acquire its SERS spectrum.
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hile surface-enhanced Raman spectroscopy (SERS) has

been very successful for small molecules,' ™ its
application for large molecules was hampered by the complexity
of the Raman signature and the nonuniformity of the SERS
enhancement in most common SERS bioassays. The recent
progress in the spectral assignment and Raman instrumentation
has lent itself to the revival of interest in the Raman
spectroscopy of proteins and other large biomolecules.” ™ In
applications such as cancer diagnosis,'” it has been shown that
valuable insights could be gained by looking into the Raman
spectra of proteins, once deemed to be too complex to extract
any meaningful information. Nevertheless, the vast majority of
these measurements have been performed using conventional
Raman spectroscopy at high concentration levels. Trans-
formation of these experiments to SERS could be pivotal in
applications, such as pathogen detection, and real-time spectral
analysis in low concentration levels requiring high sensitivity,
and it can lead to a substantial decrease in material cost.

A number of plasmonic structures can in essence provide the
sufficient field enhancement in their hot spots for low
concentration spectral analysis."'~'® In practice, however, the
reported values for the average field enhancement in these
structures are fairly modest due to the large variation of the
field profile over the sensing area. Moreover, in the case of large
biomolecules, the nonuniformity of the enhancement profile
could result in the unrepeatability of the experiments due to
substantial size of the biomolecules relative to the hot-spots.
The conventional route to SERS is to use the localized surface
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plasmon polaritons (SPP) in an array of isolated nanoantennas.
The high absorption (and scattering) cross section of the
localized SPPs near the resonance frequency results in a large
enhancement of the Raman signal collected from the molecules
located in the intense hot spots. However, there is a practical
limit to the intrinsic nanoantenna cross sections, determined by
the topology and material properties. A promising approach to
improve the SERS enhancement is to use the sharp and
asymmetric Fano-type resonances'*~** that occur in coupled
periodic plasmonic nanostructures due to the beating between
the scattering caused by the periodicity of the nanostructure
(i.e., Bragg effect) and the local nanoantenna scattering. These
Fano-type resonant features have recently found some
interesting applications. For instance, ultrasensitive refractive
index sensing has been demonstrated using these resonant
modes, taking advantage of their high sensitivity to any small
perturbation in the environment.””** More importantly, these
collective resonant features are accompanied by plasmonic
waves propagating across the structure, called lattice plasmons
(LPs). This propagative wave is a direct consequence of the
periodicity of the nanostructure, that is, Bragg effect, and is
characteristically different from the surface plasmon modes in a
thin metallic film, which has also been used to increase Raman
enhancement in SERS.”>*° Previously, LPs inside a nano-
antenna array were used to enhance the stimulated
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(b)

Figure 1. Band-edge bilayer plasmonic nanostructure. (a) Schematic view. (b) False-colored scanning electron microscope (SEM) image of a
nanoantenna array (lattice constant of 540 nm and nanopillar radius of 80 nm in the layout) with 40° tilt angle revealing the mushroom-shaped
topology of the nanoantennas with rims slightly extended after electron beam deposition.
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Figure 2. Distribution of the electrical field in a unit cell of the nanostructure. (a) Geometrical parameters of the periodic array. (b) Distribution of
excitation field enhancement, I',,, along the dielectric nanopillar at S nm radial distance, from the edge of the nanoapertures to the lower edge of the
nanodisk (30 nm of the dielectric is covered by the bottom gold layer). (c) Lateral and vertical coupling inside the nanostructure; the red surface
(25% of the peak I',,.) shows the lateral coupling between the two layers of the nanostructure in an individual unit-cell, whereas the blue surface (5%
of the peak I') portrays the slightly extended Bloch mode (LP mode) resulting in the lateral coupling between adjacent unit cells. (d—f)
Normalized electric-field distribution of the three localized SPPs (x—z cross-section) at 668, 781, and 937 nm, respectively.

emission””*" by increasing the local density of state (LDOS) at uniform distribution of the SERS enhancement over the
the band-edge and, hence, the emission rate according to sensing area renders the structure particularly suitable for large
Fermi’s golden rule.?”2° However, this effect is very narrow- biomolecules, such as proteins.
band and is not suitable for the enhancement of the wide-band
Raman emission spectra. B RESULTS AND DISCUSSION

Our approach, in this paper, is to utilize the band-edge LPs at Nanostructure Design and Theoretical Modeling. An
the excitation (or pump) wavelength to increase the net array of gold nanodisks, stacked on an array of nanoapertures
absorption cross section of the array (to achieve more efficient via supporting dielectric nanopillars, constitutes our nanostruc-
pumping). The interaction between adjacent unit cells of the ture, illustrated in Figure lab. The dielectric nanopillars,
bilayer array, at the LP band-edge, slightly extends the localized composed of hydrogen-silsesquioxane (HSQ), act as the
SPPs in space and forms a Bloch mode with near-zero group sensing area in SERS measurements. In order to maximize
velocity that can be coupled more efficiently with the incoming the light—matter interaction, the periodicity of the structure is
light. The SPP modes of the nanostructure are also adjusted to selected such that a band-edge LP with near-zero group velocity
maximize the overall emission cross section. Furthermore, the is induced at the close vicinity of the excitation wavelength, as a
two interacting layers of the nanostructure create intense hot direct consequence of the lateral coupling between the
spots in the vertically oriented gaps (over the dielectric nanoantennas. Additionally, the structure is designed to confine
nanopillars), which are coated selectively to form the sensing the localized SPP modes at the Fano resonance wavelength in
area. These two provisions collaboratively result in a large SERS the vertical gap between the two layers, providing a large and
enhancement over a large bandwidth, rivaling and potentially fairly uniform enhancement profile over the dielectric nano-
surpassing most nanofabricated SERS arrays. The rather pillars (Figure 2b,c). We found that the highest enhancement
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factor occurs when the LP band-edge coincides with the
resonance peak of a localized SPP resonance peak.

We performed an extensive search over the domain of the
design parameters (i.e., the nanopillar radius and the lattice
constant) through the full wave simulation of the structure
using three-dimensional finite-difference time-domain (FDTD)
method (Lumerical Inc.) to design the structure with this
requirement, and the optimal design parameters are shown in
Figure 2a.

The nanostructure shown in Figure 2a has three distinct
localized SPP modes: a primarily disk mode at 668 nm (LSPR,)
and two vertical gap modes at 781 (LSPR,) and 937 nm
(LSPR;), in which most of the energy is confined in the vertical
gap between the nanoantenna and the nanoaperture (see
Figure 2d—f). Both of these two gap modes provide a large field
enhancement with relatively uniform distribution over the
dielectric surface. Within the range of SERS measurements
(wavelengths between 797 and 931 nm), the second and third
resonant modes both contribute to the overall Raman
enhancement. In addition, LSPR,, at 781 nm, coincides with
the band-edge of the second LP mode (LP,), near the pump
wavelength (785 nm), Figure 3. This Fano-type plasmonic
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Figure 3. Full band diagram of the nanostructure shown in Figure 2a;
LP, and LP, denote the LP modes, and point A shows the LP, band-
edge, coincident with second localized SPP (LSPR,) in Figure 2e, the
2D Brillouin zone used in the calculation of the band diagram is shown
in the inset (this band-diagram calculation is also performed using 3D
FDTD method).

mode is very narrow band, but it has a large absorption cross
section and field enhancement at the resonance peak. Hence,
LSPR, is an excellent candidate for enhancing the narrow-band
pump signal, at 785 nm wavelength. The second gap mode has

a considerably larger bandwidth and contributes to the
enhancement of the emitted Raman signal.

The structure shown in Figure 2a has two LP modes, each
one with a band-edge at normal incidence that can be adjusted
in a wide frequency range by changing the lattice constant
(nanopillar radius has a minor effect on the LP band-edge). On
the other hand, the resonance peaks of the SPP modes of this
structure can also be adjusted in a wide frequency range by
changing the nanopillar radius and to some extent the lattice
constant. Thus, the proposed structure can be adjusted to
operate within a wide frequency gamut for the simultaneous
enhancement of the excitation and emission signals. Figure 3
shows the band-diagram of the optimized nanostructure, over
the 2D Brillion zone (shown in in the inset). At normal
incidence (k, = k, = 0 corresponding to I' on the horizontal
axis), both LP modes have zero group velocity. In our structure,
we used the second LP band-edge (point A on LP, band), as it
can be excited more efficiently with the normally incident light
and can be adjusted more easily.

To assess the performance of our structure for sensing, we
have calculated the local excitation and emission field
enhancement spectra, I',,. and I',, respectively, using separate
3D FDTD simulations. Figure 4a shows the I'.,. under the
normal incidence (defined as the squared value of the local
electric field under plane wave excitation with unit amplitude)
at two fixed positions (points A and B in Figure 4a). The
emission field enhancement (I',,,), also known as the Purcell
factor, for the three field components at point A in Figure 4a is
shown in Figure 4b. In order to calculate the spontaneous
emission, we have approximated the excited molecules by an
electric dipole located at a fixed position point A (approximate
position of the proteins attached to the nanopillars), and we
have estimated the enhancement factor using the method
proposed by Xu et al.’' In contrast to most reported work in
plasmonic sensing, where the target molecule is immobilized to
the metallic surface, in this work the target molecules are
immobilized on the dielectric surface of the nanopillars. This
lowers the amount of analyte necessary for the coating of the
nanostructure; an important consideration in many biosensing
applications. The results shown in Figure 4a,b depict close to
the worst case for (i.e., the smallest) I',,. and ', as the point A
in Figure 4a is located close to the minimal point of electric
field distribution at 785 and 937 nm (Figure 2e,f). The total
enhancement factor in this worst-case scenario is in the order of
10° at 785 nm, comparable to the maximum enhancement
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Figure 4. Excitation and emission enhancement spectra (simulation). (a) Excitation field enhancement (I',.); the solid curve shows the
enhancement profile at the midheight of the nanopillar with S nm radial distance (point A in the inset), and the dotted curve shows the enhancement
at the midheight of the top nanodisk (point B) for the sake of comparison. (b) Enhancement factor of the spontaneous Raman emission (I',,,) at
point A in (a) for the x, y, and z components of the electric field shown by blue, red, and green curves, respectively.
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Figure 5. Comparison between the SERS spectra acquired from arrays with varying lattice constants and nanopillar radii. (a) SERS spectra acquired
from the array with nanopillar radius of 80 nm and lattice constant varying between S00 and 580 nm. (b) SERS spectra acquired from the arrays with
a fixed lattice constant of 540 nm and nanopillar radii varying between 70 and 90 nm; in both figures the red curve shows the SERS spectrum of the

optimal array.

factor in bowtie nanoantennas, with air gaps as small as S0 nm
(as one of the best fabricated nanoantennas).”’”>* The
enhancement factor in our structure is higher at points that
are closer to the surface of the nanopillar and are closer to the
top nanodisk or the bottom nanoaperture. Most notably, the
high Raman enhancement is present all over the sensing area,
whereas in bowtie nanoantennas, the SERS hotspot is
concentrated at a very small region between the two triangles
of the nanostructure.

Surface Coating and SERS Measurements. To demon-
strate the high sensitivity of our device, nanoantenna arrays
with different radii and lattice constants were fabricated on a
silicon wafer with a thick thermally grown SiO, layer on top. A
medium-sized protein, streptavidin (53 kDa) was coated on the
dielectric nanopillars by immersing the sample in an aquatic
solution of the protein with the controlled concentration of 100
nM. Prior to the immobilization of streptavidin, the dielectric
surface was functionalized using a process involving two self-
assembled monolayers (SAMs), a layer of 3-aminopropyl-
triethoxysilane (APTES) to provide free amine groups and a
second SAM of NHS-biotin, as the linker to trap the protein
molecules.

The SERS spectrum of each array was collected using a near-
infrared excitation laser at 785 nm. Figure 5a shows the Raman
spectra for arrays with the lattice constants varying from 500 to
580 nm and with the fixed pillar radius of 80 nm (in the
layout). As expected from the simulations (see Figure 3), the
best Raman signal was acquired from the array with the lattice
constant of 540 nm, Figure 5a. The variation of the SERS signal
with the nanopillar radius, at a fixed lattice constant is less
prominent with the strongest signal acquired from the array
with 80 nm radius nanopillars, Figure Sb. Our simulations had
predicted that the band-edge of LP, should coincide with the
second localized SPP resonance in the array with 80 nm
nanopillars and the periodicity of 540 nm, which was confirmed
with the experiments. In Figure 6, we have provided the SERS
spectrum from the optimal array before and after coating the
protein, as well as the Raman signature of the bulk protein
(aquatic solution). In the collected SERS signal after coating,
the contribution of the protein is dominant and we were able to
find most of the Raman bands of bulk streptavidin in the SERS
spectra. We were able to find most of the Raman bands in bulk
protein in the collected SERS signal with a precision of 6 cm™".

It should be noted that fabricated nanoantennas have slightly
different topology, from the ideal structure shown in Figure 2a.
Close inspection by scanning electron microscopy (SEM) has
revealed that the fabricated nanoantennas are mushroom-
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Figure 6. Band assignment in the SERS spectrum collected from the
optimal array. (a) SERS spectrum acquired from streptavidin and
underlying SAMs (APTES and NHS-biotin) coated on the nanopillars,
(b) Raman spectrum of bulk streptavidin (aquatic solution), (c) SERS
spectrum acquired only from the SAM layers (APTES and NHS-
biotin).

shaped (Figure 1b) with rims slightly extended outside the
supporting nanopillars due to the nature of the electron beam
deposition. This should also affect the geometry of the
nanoapertures at the bottom of the nanopillars. Despite this
nonideal shape, a good agreement between the theoretical
prediction and the experiment was observed, suggesting that
performance of our nanostructure is not sensitive to the impact
of the fabrication imperfections on the topology of the
nanoantennas.

B CONCLUSION

In summary, we have presented here a novel bilayer plasmonic
substrate for chip-scale SERS-based spectroscopic analysis of
large biomolecules. Through the optimization of the horizontal
coupling of the nanoantennas in the array, we were able to
drastically improve the Raman scattering cross section of the
nanoantenna array. The vertical coupling between the two
layers further increases the energy confinement in the vertical
gaps and provides a more uniform enhancement profile over
the dielectric nanopillars. By opting for the dielectric nanopillar
as the immobilization surface, the target molecules are more
efficiently excited and all contribute significantly to the overall
collected Raman signal. In other words, all the target molecules
are bound to the surface coating at the hot-spots. These two
effects collectively result in a large improvement in the overall
efficiency of the SERS-based assay.
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In experiments, we have successfully acquired the SERS
spectrum of streptavidin, as an example of a large biomolecule,
at the concentration of 100 nM using the optimized
nanoantenna array, which to the best of our knowledge,
shows a S-fold improvement compared to the previously
reported plasmonic works.” Although we have used radially
symmetric nanoantennas in this work to keep the sensitivity of
the array to polarization as low as possible, the idea of using LP
modes to increase the scattering cross section can be applied to
other nanoantenna geometries to achieve even higher SERS
enhancements. Our fabrication process is a great advantage in
this regard, since higher aspect ratios and smaller gaps can be
achieved using this method as compared to fabrication
processes based on the lift-off or ion-beam milling.

B METHODS

Fabrication of the Nanostructure. The nanoantenna
arrays were fabricated on a SiO, wafer (4 um of thermally
grown SiO, on top of a silicon wafer) to minimize the
fluorescence background. The oxide wafer was first covered by
110 nm of hydrogen-silsesquioxane (HSQ), which is a negative
electron-beam resist and a spin-on dielectric material. Then, the
thin HSQ layer was patterned using electron-beam lithography
to form the nanopillars, and 100 X 100 arrays with different
nanopillar radii and lattice constants were formed on the oxide
surface. Finally, 3 nm of titanium and 30 nm of gold were
deposited using electron-beam deposition to form the self-
aligned bilayer nanostructure using a single lithography step.

Surface Functionalization. Attachment sites for strepta-
vidin were prepared by forming two stacked SAMs on the
dielectric nanopillars. First, the sample was soaked in a 4%
solution of APTES (Sigma-Aldrich) in pure ethanol at room
temperature for 2 h to form frees amine groups. After washing
the sample in ethanol, it was soaked again in a 1 mg/mL
solution of NHS-biotin (Pierce Biotechnology) in dimethyle
solfoxide (DMSO) for an additional 2 h, also at room
temperature, forming a second monolayer with biotin attach-
ment sites for trapping streptavidin. Finally, the sample was
soaked in an aquatic solution of streptavidin with the controlled
concentration of 100 nM at 4 °C for 1 h.

Acquisition of the SERS Spectra. The Raman spectra
were acquired using a commercial Raman spectrometer
(Renishaw Inc.) coupled to an inverted microscope. A SO0X
objective lens with the numerical aperture of 0.75 was used to
focus about 1 mW power from a near-infrared laser
(wavelength: 785 nm) on the sample. The Raman signal was
acquired in the range of 400 to 2000 cm™' with 3 min
acquisition time.

B ASSOCIATED CONTENT
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Detailed fabrication process, numerical simulation techniques,
and optical characterization methods. The Supporting
Information is available free of charge on the ACS Publications
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